Microbiological water quality monitoring in Niassa province, Northern Mozambique, shows groundwater is not, in general, grossly contaminated though contamination levels are strongly linked to season and to risks observable at the wellhead, especially risks dealing with wellhead hygiene and maintenance. Diarrhea incidence, in general, is greatest in the rainy season suggesting poor wellhead protection as a potential mechanism for well contamination.
INTRODUCTION
The 2004 World Health Report estimates that diarrheal diseases amongst all sexes account for 4.2% of the total DALYs (Disability Adjusted Life Years) (WHO 2004a) . If the contribution from other water-related communicable diseases is considered, including some of the parasitic and nematode infections, then this percentage is substantially higher. The Millennium Development Goals (MDG) were developed to tackle world poverty but access to safe water is an essential component of any initiative to raise living standards and income generation ability. Hence, the MDG state are attempting to address the current unacceptable levels of lack of access to safe drinking water by aiming to half the proportion of people without sustainable access to safe drinking water by 2015 (Target 10) and also to achieve a significant improvement in the lives of at least 100 million slum dwellers by 2020 (Target 11).
The goals promote actions based on the well-founded premises that improvements in water supply (quantity and quality) and sanitation facilities can reduce pathogen transmission and so improve child growth rates and reduce mortality rates (e.g., Blum & Feachem 1983) . It is also well accepted that these issues need to be examined in an integrated manner (e.g. Lewis et al. 1980; ARGOSS 2001) .
However, if, for example, faecally-derived pathogens are temporarily stored in a receptacle that will subsequently contaminate drinking water resources drawn from the underlying aquifer, the faecal-oral route of disease transmission has not been broken and the employed form of sanitation and hygiene is failing to fully meet its prime objective of protecting public health. On the other hand, the health risks from the absence of improved excreta disposal are likely to exceed those posed by contamination of doi: 10.2166/wh.2006.029 groundwater from sanitation (Howard et al. in press) .
Furthermore, the lack of excreta disposal may be a direct cause of contamination of groundwater sources (i.e. improvements in sanitation may also deliver improvements in microbial quality in groundwater; e.g., Howard et al. in press ). Indeed such contamination results from poor wellhead protection and in some cases this can pose a greater threat to the degradation of water quality than the proximity of latrines, as other studies have already shown (e.g. Gelinas et al. 1996) .
The percentage of the low-income peri-urban population in developing countries currently using groundwater for drinking water purposes is likely to be 80% or more (Pedley & Howard 1997) . There are two possible routes for faecal contamination to pollute groundwater sources in these settings: either via poorly protected wellheads or via another point of entry in the aquifer (such as a latrine or leaking sewer) and the subsequent transport of this contamination through the groundwater into the well (ARGOSS 2001) . Both routes have regularly been associated with the contamination of groundwater (e.g. Cronin et al. 2004; Howard et al. 2003) . Discarded faeces or flooded latrine contents can enter poorly finished or unprotected wellheads and this mechanism is referred to below as the wellhead route of contamination. On the other hand, leaking sewers or dug latrines are faecal sources which can degrade groundwater quality from points of entry which can be considerable distances from the well due to the groundwater flow regime and this mechanism is referred to below as the aquifer route of contamination.
Groundwater microbial contamination may be reduced by barriers such as Well Head Protection Areas (WHPA) and well disinfection. However, in developing countries such barriers are rarely rigorously imposed. Furthermore, WHPAs are frequently not properly delineated and so fail to accurately represent microbial die-off to the well or spring (e.g. Taylor et al. 2004) . Hence, the focus must be solely on breaking the specific pathways between the potential sources of the contamination and the well. Monitoring well water quality is a vital tool in this respect and when contamination is identified, it is critical that the monitoring data enables identification of the source and entry mechanism of the contamination into the well to allow corrective action be taken to prevent further contamination. Simple tools are needed to quickly establish such interconnections and need to be feasible even in the most resource-poor areas. This is the objective of coupling water quality monitoring with sanitary risk inspections and is carried out principally in order to: Plan (WSP), differs from previous approaches that controlled water quality solely from end-product testing. The WSP approach recognizes that although monitoring of well water quality is important to ensure water is safe for drinking purposes, it is not sufficient on its own to secure water safety. The risk identification approach has proved useful in other groundwater quality assessments in developing countries in order to identify appropriate remedial action (Howard et al. 2003; Cronin et al. 2004 ) and has proved valuable in testing a common presumption that microbiological contamination of groundwater derives from poorly sited or constructed sanitation facilities (Melian et al. 1999) , i.e. the presumption that the aquifer route of contamination predominates.
Hence, water and sanitation programs need to be examined in an integrated fashion though other issues are also central to water-borne disease prevention. Authors dealing with the prevention of diarrhea also stress the importance of hygiene and the availability of sufficient water (to a greater extent than that of excellent bacteriological water quality), for example VanDerslice & Briscoe (1995) and Jensen et al. (2004 This option is rarely used at household level but has great potential as a latrine option at family agricultural plots.
METHODS

Data on diarrheal cases (including dysentery and cholera)
presented at the health clinics at Lichinga (City and Microbiological analysis for thermotolerant coliform bacteria (TTC) was conducted in the field using a portable Delagua water quality testing kit. TTC are frequently used as a bacterial indicator of faecal contamination (Feachem 1980) . All coliphage samples (30 ml) were also collected for analysis in the UK after preservation with chloroform (1 ml).
The isolation and enumeration of the TTC was carried out using membrane filtration and growth on membrane lauryl sulphate broth (OXOID, UK; HMSO 1994).
The plates were incubated for 1 hour (minimum) to 4 hours (maximum) at ambient temperature to aid bacterial resuscitation, before transferring to 44^0.58C for a total incubation period of 16 to 18 hours. Yellow colonies were counted as being Thermotolerant coliform colonies.
All results were noted in a project database. Plates that had too numerous colonies to count (in excess of ,300)
were entered as 500 cfu/100 ml as this was above the highest level of contamination directly recorded from colony counts (after Howard et al. 2003.) . Sulphite-reducing clostridia (SRC) were isolated from 100 ml sample volumes using membrane filtration and selectively enumerated by culture on perfringens agar (HMSO 1994) . Enumeration of coliphage was determined by assay of 1 ml of sample using the double agar layer technique (Adams 1959) .
Physical parameters were also measured at the wellhead and consisted of pH, turbidity, temperature and electrical conductivity (EC). Turbidity was measured using graduated turbidity tubes with a range of 5 to 2,000 TU. pH was assessed using a graduated comparator cell to which phenol 
RESULTS
Rainfall and diarrhea
Incidence of normal diarrhea, dysentery and cholera reported at health centres in Lichinga (City and District) and the other major towns in Niassa (Mandimba, Sanga, Maú a and Nipepe) are plotted against rainfall in Figure 2a However, there are substantial diarrheal incidents also during the dry season, especially in Lichinga. First of all it must be considered that such data cannot be overinterpreted as not all of the population has ready access to these clinics and so there is substantial under-reporting of true disease incidence. In addition, there are other important transmission routes apart from water-borne transmission that are contributing to these reported cases.
These result mainly from poor sanitation coupled with poor community, personal and food hygiene. However, limited though the data presented here is, it is the only available data at the study scale and it allows the development of a hypothesis that there are distinct routes of pathogen transmission dominating at different times of the year.
Hence, latrine and food-borne transmission, flies, direct contact and so on, may contribute to diarrheal incidents all year round but poor sanitary protection of wells may dominate in the wet season when the level of rainfall may determine the amount of surface contamination flushed into the well and so the incidence of diarrhea in the community.
Water quality monitoring
The results of water quality monitoring from the four main wells, improved windlass wells and handpumps), as described above are summarized in Table 1 . The surface water sources (consisting of swamps and springs, both of which are unprotected) show gross contamination with both average and median counts in excess of 100 cfu/ 100 ml. The other sources, all utilising groundwater, have high average counts but low median counts (, 10 cfu/ 100 ml) suggesting that whereas certain sources can exhibit heavy incidents of contamination, the aquifer itself, on the whole, is not grossly contaminated. Traditional wells show the most positive TTC detects and the highest averages of the groundwater sources. Improvement of such traditional wells by the addition of a concrete plinth and windlass has brought this average down considerably and has more than halved the median TTC count (9 to 4 cfu/100 ml) which is a significant improvement for a relatively low cost intervention. Handpumps, generally drawing water from greater depths, are the best protected water source with only 8 out of 73 samples having values in excess of 10 cfu/100 ml. These 8 samples raise the average of all 73 analyses to 13 cfu/100 ml but the median TTC score is 0 cfu/100 ml. Rainfall is another important control on TTC levels.
There is an order of magnitude differences between wet and dry season TTC levels (both average and median) over the rainy and dry seasons (Table 2 ). This increase in TTC levels is perceived to be due mainly to poor construction quality of the well headworks and sanitary seals allowing the rain to wash contamination accumulated at the surface down into the well. This resulted in an average increase of 65 cfu/ 100 ml in the wells sampled in both the dry and wet seasons. The deterioration of water quality as it is stored in the home can negate much good work in protecting the source. This study sampled both source and stored water whenever feasible. These samples (N ¼ 169) provide an opportunity shows that the majority of stored water quality samples fall into the same water quality band as that of the wellwater, i.e. the majority of stored water quality samples (, 60%) in the wellwater band of 1 to 10 TTC cfu/100 ml are also in the category of 1 to 10 TTC cfu/100 ml. This emphasises the quality correlation between the two sampling sites. The linear trendline correlation for Group III is R 2 ¼ 0.5. Group IV (4% of total) exhibit positive TTC detects in the source water but zero TTC detects in stored water. It is believed some of these stored samples may have been boiled though this is not general practice in Niassa.
An important aim of this monitoring work is to be able to prioritise the risks causing the greatest deterioration in source water quality. These priority risks should become the priority interventions to tackle. Risks were ranked by calculating the difference in the % occurrence of each particular risk between wells exhibiting positive TTC detection and wells exhibiting negative TTC detection (Table 3) . Hence, the risk ranked no. protection as a potential mechanism for contamination entering the well. The water quality monitoring results suggest that the aquifer is not grossly contaminated but the level of TTC indicators is correlated with seasonality in rainfall and sanitary risk. Only the top 6 ranked risks exhibit strong positive relationships with water quality (arbitrarily defined here as a % difference in excess of 10%). These risks deal either with poor well maintenance (risks 1 and 5) or poor well construction (risks 2 to 6). Interestingly, latrines were quite low on the ranking (risk 10) than expected, similar to other study findings for instance Howard et al. (2003) . This is a positive finding as to tackle this risk by replacing traditional latrines with alternative sanitation systems not utilising the ground as a waste receptacle would be almost impossible given the lack of resources and expertise.
All of these observations favour the wellhead rather than aquifer route of contamination and suggest that focused interventions on hygiene practices at the wellhead and proper wellhead protection could yield rapid improvements in water quality, as Table 1 suggests. The similar trends in SRC results (generally increasing with increasing TTC) reinforces this ( Figure 2 ) and suggests that contamination is occurring locally before substantial attenuation (due to physio-chemical adsorption, dispersion and die-off)
can occur. Also of importance is that significant deterioration in source water quality can occur once transport and storage in the home is undertaken. However, this deterioration is proportional to the quality of the source water (Figure 4 ). This correlation serves to highlight the importance of integrating both source water protection and hygiene work to prevent deterioration of water quality once collected from the source. Indeed, Jensen et al. (2002) who examined water quality at source and in the home in Pakistan found that domestic contamination is only significant when the water arriving into the home contains less than 100 E. coli/100 ml. They argue that if the water source quality has greater than this value, interventions to prevent domestic contamination will have only a minor affect in comparison with public domain interventions.
Hence, interventions to protect source water quality, principally those risks at the wellhead, are important on a number of different levels. Group III points have been divided into three separate bands (wellwater quality ,10, 11 to 100 and .100 TTC cfu/100 ml) and then the corresponding columns represent the % of stored water quality falling into the same TTC bands. (Table 4) .
It is hoped that this simplified approach can begin to decrease TTC levels in drinking water in the study area.
However, these interventions are seen only as the first step in a process that will see all risks in Table 3 addressed. This intervention strategy, via a step-by-step approach, is to ensure well users do not initially become weighed down by hygienic practice with respect to buckets and ropes at the wellhead was seen as the principal risk to water quality at the wellhead and this issue is currently being tackled as a priority intervention by hygiene promotion workers.
Significant deterioration in source water quality can also occur once transport and storage in the home is undertaken. However, this deterioration is proportional to the quality of the source water. It is suggested that improved access to and better protection of source water quality can not eliminate but can reduce stored water contamination levels in the study area setting. The approach adopted by this study shows that a structured approach to water quality monitoring, with targeted observations, is important to programs in order to identify the priority interventions to be undertaken.
